A real-time compensation scheme for geometric and thermally-induced errors of a computerized numeric a l c o n t r o l ( C N C ) t u r n i n g c e n t e r i s d e s c r i b e d . T h e c o m p e n s a t i o n s y s t e m p r e d i c t s t h e s e e r r o r s u s i n g a combination of data taken from various sensors on t h e machine t o o l and p r e v i o u s l y e s t a bl i s h e d r e l a t i o n s h i p s ( t r a n s f e r f u n c t i o n s ) . The s y s t e m t r a n s l a t e s t h e s e e r r o r s i n t o s e r v o c o u n t s a n d i n j e c t s them i n t o t h e c o n t r o l l o o p s of the machine t o o l c o n t r o l l e r i n r e a l -t i m e .
t u r n i n g c e n t e r i s d e s c r i b e d . T h e c o m p e n s a t i o n s y s t e m p r e d i c t s t h e s e e r r o r s u s i n g a combination of data taken from various sensors on t h e machine t o o l and p r e v i o u s l y e s t a bl i s h e d r e l a t i o n s h i p s ( t r a n s f e r f u n c t i o n s ) .
The s y s t e m t r a n s l a t e s t h e s e e r r o r s i n t o s e r v o c o u n t s a n d i n j e c t s them i n t o t h e c o n t r o l l o o p s of the machine t o o l c o n t r o l l e r i n r e a l -t i m e .
A s i n g l eboard microcomputer interfaced to the machine tool c o n t r o l l e r and the sensors i s the workhorse of the system. The s y s t e m c o n t r o l s o f t w a r e w r i t t e n i n PLM, a h i g h l e v e l p r o g r a m m i n g l a n g u a g e , i s m o d u l a r , f l e x i b l e , a n d e a s i l y m a i n t a i n a b l e .
To e v a l u a t e t h e c a p a b i l i t i e s of t h e c o m p e n s a t i o n s y s t e m , a s e r i e s of c u t t i n g t e s t s have been performed, and the results are presented.
Along with t h e e l i m i n a t i o n of machine warmup periods of 8 t o 12 hours, significant geometric accuracy improvements i n s t r a i g h t n e s s a n d s q u a r e n e s s h a v e been a c h i e v e d . An a d d i t i o n a l a c c o m p l i s h m e n t i s a dimensional accuracy improvement of up t o 20 times over that of uncompensated workpieces.
INTRODUCTION
Reducing t h e e r r o r s of machine t o o l s used in metal c u t t i n g o p e r a t i o n s i s a key requirement for i mproving workpiece accuracy.
The e l i m i n a t i o n o f t h e n o n p r o d u c t i v e warm-up c y c l e commonly used t o reach thermal equilibrium would greatly improve p r o d u c t i v i t y when machining precision parts. The purpose of t h i s study is to develop a m e t h o d t h a t c a n b e u s e d t o c o m p e n s a t e f o r t h e q u a s i s t a t i c geometric and thermally-induced errors of
a comp u t e r i z e d n u m e r i c a l c o n t r o l ( C N C ) t u r n i n g c e n t e r , i n r e a l -t i m e , i n o r d e r t o improve t h e a c c u r a c y o f t u r n e d p a r t s . T h i s c o m p e n s a t i o n is accomplished by a modular, easily maintainable software system, implemented i n a dedicated, low cost, single-board microcomputer. The purpose of t h i s paper i s t o d e s c r i b e t h e i n t e r f a c e r e q u i r e m e n t s a n d t h e hardware implementation of the error compensation a l g o r i t h m s and t o p r e s e n t some r e s u l t s of t h e i m p l e m e n t a t i o n . A r i g o r o u s t r e a t m e n t o f t h e m a t h e m a t i c a l a n a l y s i s n e c e s s a r y t o d e v e l o p t h e software as well as a d e s c r i p t i o n of the measurem e n t s r e q u i r e d f o r t h e implementation i s given in reference 1 .
U.S. Government Work. Not protected by U.S. copyright. E r r o r c o m p e n s a t i o n i s d e f i n e d a s a method of c a n c e l i n g t h e e f f e c t o f s y s t e m a t i c e r r o r s e i t h e r by d i r e c t l y o r i n d i r e c t l y m e a s u r i n g t h e s e e r r o r s , or by p r e d i c t i n g them u s i n g a m o d e l p r e v i o u s l y e s t a b l i s h e d f o r t h e p r o c e s s ' . E a r l y w o r k s on error compensation of machine tools concentrated o n a c t i v e e r r o r c o m p e n s a t i o n , i n which t h e e r r o r was monitored and compensated for during machining operation. Leete3 developed a method f o r compens a t i o n of unwanted r o t a t i o n s a n d t r a n s l a t i o n s of m a c h i n e t o o l s l i d e s by measuring them a g a i n s t a reference plane. Later, Goodhead e t al.' modified t h i s method using a nonperfect, but precalibrated s t r a i g h t n e s s r e f e r e n c e .
A Lawrence Livermore L a b o r a t o r y t e a m u s e d similar t e c h n i q u e s i n t h e i r d e s i g n s o f a c o o r d i n a t e m e a s u r i n g m a c h i n e a n d diamond turning machines5 '.
A l l t h e a c t i v e e r r o r c o m p e n s a t i o n t e c h n i q u e s m e n t i o n e d a b o v e a r e i n r e a l -t i m e a n d a r e v e r y e f f e c t i v e f o r r e d u c i n g t h e e r r o r s . H o w e v e r , t h e r e q u i r e m e n t of a t t a c h i n g h i g h l y s e n s i t i v e measuri n g i n s t r u m e n t s t o m o v i n g m a c h i n e e l e m e n t s i n a c u t t i n g e n v i r o n m e n t , and i n some cases the imposs i b l i t y of making a measurement d u r i n g m a c h i n i n g o p e r a t i o n , make t h i s approach very difficult and i m p r a c t i c a l f o r many machining operations. E f f o r t s b y Thompson7 and by Koliskor et a1.' used the technique of modifying the NC program tapes b a s e d o n t h e m e a s u r e d p r o f i l e e r r o r s a f t e r t h e machined p a r t was t r a c e d . T h i s m e t h o d d o e s n o t c o m p e n s a t e f o r t h e r m a l e r r o r s and i s impractical f o r s m a l l b a t c h s i z e s . W i t h t h e i n c r e a s e d c a p a b i l i t y o f c o m p u t e r s , t h e r e i s a new t r e n d t o w a r d p r e d i c t i n g e r r o r s by u s i n g m o d e l s a n d / o r p r e v i o u s l y d e t e r m i n e d e r r o r mapsg l o . Although most of t h e e f f o r t s a r e s t i l l t o w a r d u p d a t i n g N C programs" some p i o n e e r i n g a p p l i c a t i o n s e x i s t u s i n g c o m p u t e r s i n r e a l -t i m e c o m p e n s a t i o n o f p r e d i c t e d e r r o r s d u r i n g m a c h i n i n g o p e r a t i o n 1 3 ".
None of t h e s e a p p l i c a t i o n s a p p e a r s t o d e a l w i t h t h e c h a n g e s i n t h e g e o m e t r i c e r r o r s d u e t o t h e c h a n g e s i n t h e t h e r m a l c h a r a c t e r i s t i c s o f t h e m a c h i n e t o o l d u r i n g t h e w a r m -u p p e r i o d . Furthermore, the computers used in these systems are minicomputers, which have high computing power b u t prohibitively high cost for such applications.
Even i f one can determine workpiece errors there i s one a d d i t i o n a l problem. A l a r g e m i n i c o m p u t e r can be used t o p r e d i c t t h e e r r o r s i n r e a l -t i m e b u t i t i s d i f f i c u l t t o i n t e r f a c e t h e c o m p u t e r t o t h e C N C c o n t r o l l e r b e c a u s e t h e c o n t r o l l e r h a s l i t t l e t o no p r o v i s i o n s a v a i l a b l e f o r i n t e r f a c i n g . I n a I72 t y p i c a l machine tool, t h e a x i s s e r v o motor d r i v e s t h e l e a d s c r e w b a s e d o n t h e e r r o r s i g n a l d e r i v e d f r o m t h e p o s i t i o n command, t h e position feedback, the velocity feedback, and motor current feedback s i g n a l s . The position feedback signal comes from a f e e d b a c k e l e m e n t s u c h a s a g l a s s s c a l e , a n encoder, an inductosyn, or a resolver. There are t w o a p p r o a c h e s t o a p p l y t h e c o m p u t e d e r r o r compensation. One method is t o a p p l y e r r o r comp e n s a t i o n i n r e a l -t i m e t o t h e p o s i t i o n f e e d b a c k s i g n a l b y i n j e c t i n g t h e compensation signal into the servo control loop hardware in the form of an a n a l o g v o l t a g e .
A compensation system using t h i s technique has been implemented on a CNC c o n t r o l l e r on a m a c h i n i n g c e n t e r a t N a t i o n a l B u r e a u o f Standards (NBS)".
I n some machine t o o l c o n t r o ll e r s , d u e t o t h e f a c t t h a t t h e axis servo control is implemented i n a software algorithm, i t i s n o t p o s s i b l e t o b r e a k i n t o t h e s e r v o c o n t r o l l o o p e l e c t r o n i c s t o p r o p e r l y i n j e c t a c o m p e n s a t i o n s i g n a l . I n t h i s c a s e , t h e c o m p e n s a t i o n s i g n a l must be i n j e c t e d i n t o t h e c o n t r o l l e r , i n d i g i t a l f o r m , t h r o u g h i n p u t l o u t p u t (110) p o r t s t o be manipulated by the control software. However, no matter w h i c h o f t h e two techniques are used, the i n j e c t i o n o f t h e c o m p e n s a t i o n s i g n a l d o e s n o t i n t e r f e r e with t h e normal operation of the machine t o o l c o n t r o l l e r a n d r e q u i r e s n o e x t e n s i v e m o d i f i c a t i o n s t o t h e c o n t r o l l e r e l e c t r o n i c hardware.
The compensation system developed in this study, which is implemented on a Hardinge Superslant C N C T u r n i n g C e n t e r t ,
i n j e c t s t h e c o m p e n s a t i o n s i g n a l s i n t o t h e a x i s -s e r v o c o n t r o l -l o o p s o f t w a r e .
The d e t a i l s of t h i s system as well a s t h e r e s u l t s of t h e e r r o r c o r r e c t i o n are presented here.
THE PRINCIPLES OF THE COMPENSATION SYSTEM
The e r r o r s f o r w h i c h t h e s y s t e m c o m p e n s a t e s a r e q u a s i s t a t i c g e o m e t r i c a n d t h e r m a l l y -i n d u c e d e r r o r s . These e r r o r s a r e p r e d i c t e d b y u s i n g r e l a t i o n s h i p s p r e v i o u s l y e s t a b l i s h e d b e t w e e n s y s t e m a t i c e r r o r s and t h e e r r o r s a s s o c i a t e d w i t h a p a r t i c u l a r m a c h i n e t o o l t e m p e r a t u r e p r o f i l e . I n t h e p r o c e s s o f b u i l d i n g t h e s e r e l a t i o n s h i p s , t h e g e o m e t r i c e r r o r s were m e a s u r e d u s i n g a l a s e r i n t e r f e r o m e t e r a n d h i g h p r e c i s i o n c a p a c i t a n c e p r o b e s . The e r r o r s a s s o c i a t e d w i t h a p a r t i c u l a r temperature profile are determined by m o n i t o r i n g t h e r m o c o u p l e s p l a c e d i n c r i t i c a l l o c a t i o n s : t h e leadscrew nuts and b e a r i n g h o u s i n g s , t h e s p i n d l e bearing housings, the headstock, the bed, several p o i n t s on t h e c r o s s s l i d e and the carriage bodies.
t C e r t a i n commercial equipment, instruments, o r m a t e r i a l s a r e i d e n t i f i e d i n t h i s p a p e r i n o r d e r t o a d e q u a t e l y s p e c i f y the experimental procedure. Such identification does not imply recommendation o r e n d o r s e m e n t b y t h e N a t i o n a l B u r e a u o f Standards, nor does i t imply t h a t t h e m a t e r i a l s o r e q u i p m e n t i d e n t i f i e d a r e n e c e s s a r i l y t h e b e s t a v a i l a b l e f o r t h e purpose.
The r e l a t i o n s h i p s f o r e a c h t y p e of error, such as l i n e a r d i s p l a c e m e n t , s t r a i g h t n e s s , yaw, and ort h o g o n a l i t y , a r e e s t a b l i s h e d by a p p l y i n g l e a s ts q u a r e s c u r v e f i t t i n g t e c h n i q u e s t o t h e e r r o r d a t a a n d t h e c o r r e s p o n d i n g t e m p e r a t u r e p r o f i l e s f o r each element of the machine. The e r r o r d a t a was t a k e n a u t o m a t i c a l l y by a desk-top computer over a warm-up period of two d a y s i n o r d e r t o cover t h e w h o l e o p e r a t i n g t e m p e r a t u r e r a n g e o f t h e machine t o o l . W h i l e t e m p e r a t u r e was b e i n g m o n i t o r e d , geometric error data was c o l l e c t e d . The l o c a t i o n s a t which t h e temperature readings were b e s t correl a t e d w i t h t h e g e o m e t r i c e r r o r s were s e l e c t e d as t h e b e s t r e p r e s e n t a t i v e l o c a t i o n s a t w h i c h t o p r e d i c t t h e r m a l l y -i n d u c e d e r r o r s .
A f t e r p r e d i c ti n g e a c h e r r o r c o m p o n e n t , t h e s y s t e m u s e s t h e p r i n c i p l e s of r i g i d body kinematics to combine t h e e r r o r components i n o r d e r t o f i n d t h e e r r o r at t h e c u t t i n g t o o l .
The overall system uses three types of independent parameters to calculate the error: 1 ) t h e n o m i n a l a x i s p o s i t i o n , 2 ) t h e d i r e c t i o n o f motion, and 3) t h e temperatures of t h e p r e v i o u s l y s e l e c t e d l o c a t i o n s .
The s e l e c t e d l o c a t i o n s f o r temperature measurements are: t h e s p i n d l e rear b e a r i n g h o u s i n g , t h e l e a d s c r e w r e a r b e a r i n g hous i n g s f o r t h e c r o s s s l i d e a n d t h e c a r r i a g e , t h e c r o s s s l i d e s l i d e w a y , and the c a r r i a g e body. I n addition to the direct temperature measurements, a t o o l -s e t t i n g s t a t i o n is used t o measure d r i f t of t h e machine r e f e r e n c e p o i n t s d u e t o t h e machine tool frame migration during operation.
The a c t u a l e r r o r c o m p e n s a t i o n i s a c h i e v e d b y s e n d i n g t h e e r r o r v a l u e s t o t h e machine controll e r . The m a c h i n e t o o l c o n t r o l l e r a c t s o n t h e c o m p e n s a t i o n v a l u e s i n s o f t w a r e , t h u s , n o m o d i f i c a t i o n t o t h e m a c h i n e c o n t r o l h a r d w a r e
i s n e c e s s a r y . The s c h e m a t i c o f t h e s o f t w a r e s e r v o control loop is shown i n F i g u r e 1 . I n t h e t u r n i n g c e n t e r , t h e m a c h i n e t o o l c o n t r o l l e r u p d a t e s the a x i s p o s i t i o n d a t a e v e r y 2 0 m i l l i s e c o n d s . Meanwhile, the compensation microcomputer, which r u n s i n s y n c h r o n i z a t i o n w i t h t h e m a c h i n e t o o l c o n t r o l l e r , r e c e i v e s the position information from t h e m a c h i n e t o o l c o n t r o l l e r a t t h e s a m e r a t e .
B a s e d o n t h e c u r r e n t p o s i t i o n , d i r e c t i o n of mot i o n , t h e r m a l d a t a , and t h e i n f o r m a t i o n o b t a i n e d f r o m t h e t o o l s e t t i n g s t a t i o n , i t c a l c u l a t e s t h e e r r o r s a l o n g b o t h m a c h i n e a x e s c o r r e s p o n d i n g t o t h e c u r r e n t p o s i t i o n and sends them t o t h e machine t o o l c o n t r o l l e r . The c o n t r o l l e r r e c e i v e s t h e s e values via parallel 110 ports and a d d s them t o t h e r e g i s t e r s c o n t a i n i n g t h e f o l l o w i n g e r r o r s .
The f o l l o w i n g e r r o r i s d e f i n e d a s the l a g o f a c t u a l a x i s p o s i t i o n f r o m t h e commanded p o s i t i o n by an amount p r o p o r t i o n a l t o its velocity. The p o s i t i o n command s i g n a l summed w i t h t h e f o l l o w i n g e r r o r will be t h e e r r o r s i g n a l u s e d t o d r i v e t h e a x i s s e r v o i n t h e n e x t s e r v o c y c l e . U s i n g t h i s t e c hnique the servo control timing of the machine tool c o n t r o l l e r i s unchanged and, b e s t of a l l , t h e basic servo control algorithm is undisturbed.
SYSTEM HARDWARE
The overall compensation system, which is shown i n Figure 2 , c o n s i s t s of the following components: 1 . R e m o t e l y c o n t r o l l e d d i g i t a l t e m p e r a t u r e measurement system 2. Turning center keyboard interface module 3. T o o l -s e t t i n g s t a t i o n 4. M u l t i b
c h a n n e l s , a n d r e t u r n s the temperature information.
The keyboard interface module, designed and built by NBS, i s b a s e d o n a n 8 0 4 8 s i n g l e c o m p o n e n t microcomputer. The function of t h i s module i s t o t r a n s l a t e commands from the compensation controll e r a n d e n t e r i t i n t o t h e machine t o o l e o n t r o l l e r by emulating the keybodrd operation.
T h i s module i s n e c e s s a r y f o r moving t h e machine t o o l a x e s t o t h e p r o p e r p o s i t i o n s s o t h a t t h e t o o l -s e t t i n g s t a t i o n c a n d e t e r m i n e t h e o f f s e t s
of t h e machine reference points.
The t o o l -s e t t i n g s t a t i o n , a l s o d e v e l o p e d
by NBS, i s a l i n e a r v a r i a b l e d i f f e r e n t i a l t r a n s The a l g o r i t h m a n d t h e t e c h n i q u e f o r l i n e a r i z a t i o n is d e s c r i b e d i n r e f e r e n c e 1 5 . The
t o o l -s e t t i n g s t a t i o n i s used t o measure t h e d i sp l a c e m e n t a l o n g b o t h x and z m a c h i n e a x e s . A s p e c i a l g a u g e bar is mounted on t h e t o o l t u r r e t . The bar is used w i t h t h e t o o l -s e t t i n g s t a t i o n t o determine the machine reference drift over time.

A multibus single-board microcomputer w i t h 128k R A M memory i s t h e m a i n c o n t r o l l e r of t h e o v e r a l l system. This microcomputer board contains a 1 6 -b i t 8086 microprocessor as t h e CPU, and a highs p e e d v e r s i o n 8 0 8 7 8 n u m e r i c c o p r o c e s s o r f o r f l o a t i n g p o i n t a r i t h m e t i c o p e r a t i o n s . The arc h i t e c t u r e of t h i s board i s d e s i g n e d f o r h i g h s p e e d f l o a t i n g p o i n t n u m e r i c c o m p u t a t i o n s which a r e n e c e s s a r y f o r r e a l -t i m e o p e r a t i o n s . T h e combination of 8086 and 80878 makes it p o s s i b l e t o r u n t h e computer at an 8-MHz c l o c k r a t e t o m e e t t h e r e q u i r e m e n t of h i g h servo bandwidth for cont o u r i n g c u t s , T h i s microcomputer uses a m u l t i b u s s e r i a l 1 / 0 b o a r d w i t h four RS-232 s e r i a l 110 p o r t s t o communicate w i t h t h e o t h e r c o m p o n e n t s of t h e s y s t e m , s u c h as the temperature measurement syst e m , t h e t o o l s e t t i n g s t a t i o n , t h e k e y b o a r d module, and a CRT t e r m i n a l t h a t is used for data e n t r y a n d c o n t r o l . Communications and c o n t r o l f o r t h e A l l e n -B r a d l e y 8 2 0 0 C N C t m a c h i n e t o o l c o n t r o l l e r a r e o b t a i n e d via three m u l t i b u s p a r a ll e l 110 b o a r d s , o n e f o r e a c h a x i s a n d o n e f o r command-status protocol. SYSTEM SOFTWARE
The main c r i t e r i a f o r t h e system s o f t w a r e a r e f l e x i b i l i t y , m o d u l a r i t y and easy maintainability. To meet t h i s c r i t e r i a , a h i g h l e v e l l a n g u a g e , Programming Language f o r Microcomputers (PLM), was s e l e c t e d a s a programming language for the compens a t i o n s y s t e m .
PLM i s a s t r u c t u r e d l a n g u a g e , similar t o PL1, which h a s f a c i l
i t i e s f o r s u c h d a t a s t r u c t u r e s a s s t r u c t u r e d arrays and pointer based dynamic v a r i a b l e s ; t h i s h e l p s i n b u i l d i n g modular s o f t w a r e . U s i n g t h e s e f a c i l i t i e s , t h e c a l c u l at i o n s f o r d i f f e r e n t e r r o r c o m p o n e n t s a r e c a r r i e d o u t i n m o d u l a r f a s h i o n s o t h a t i t i s p o s s i b l e t o include modules t o c o r r e c t f o r o t h e r e r r o r s o u r c e s which might be f o u n d i n t h e f u t u r e . T h i s system, of which t h e flow c h a r t i s shown i n F i g u r e 3 , p e r f o r m s t h r e e m a j o r o p e r a t i o n s . The f i r s t is t o measure the machine referenee offsets, w h i c h a r e o b t a i n e d by a c t i v a t i n g t h e t o o l -s e t t i n g s t a t i o n w i t h t h e r e f e r e n c e g a u g e b a r m o u n t e d i n t h e t u r r e t .
The second operation is t o measure the t o o l o f f s e t s .
Due t o c u r r e n t l i m i t a t i o n s of t h e t o o l -s e t t i n g s t a t i o n , t h i s p a r t o f t h e software is l e f t t o be developed a t a l a t e r s t a g e . C u r r e n t l y , t o o l o f f s e t p a r a m e t e r s a r e m a n u a l l y e n t e r e d i n t o t h e c o m p e n s a t i o n c o n t r o l l e r . The t h i r d o p e r a t i o n i s t o c a l c u l a t e t h e s y s t e m a t i c e r r o r s and those caused by thermal changes and t o i n j e c t t h e s e r v o c o u n t s c o r r e s p o n d i n g t o these e r r o r s . T h i s o p e r a t i o n r e q u i r e s t h a t t h e compens a t i o n c o n t r o l l e r be in continuous communication w i t h t h e m a c h i n e t o o l c o n t r o l l e r . B a s e d o n t h e n o m i n a l x a n d z p o s i t i o n s o b t a i n e d f r o m
t h e m a c h i n e t o o l c o n t r o l l e r a n d t h e t e m p e r a t u r e s o b t a i n e d f r o m the temperature measurement system, the compensation software calculates the resultant error along both machine axes. After the result a n t e r r o r s a r e c a l c u l a t e d , t h e v a l u e s a r e c o n v e r t e d i n t o s e r v o r e s o l u t i o n c o u n t s , a n d t h e n f e d t o t h e machine t o o l c o n t r o l l e r . The d e t a i l s of t h i s o p e r a t i o n a r e explained in the following paragraphs.
I n s t e a d of t r a d i t i o n a l r e l a y o r s o l i d -s t a t e l o g i c p a n e l s f o r m a c h i n e / c o n t r o l i n t e r f a c i n g , t h i s C N C m a c h i n e -t o o l c o n t r o l l e r u s e s a s o f t w a r e f e a t u r e , P r o g r a m m a b l e A p p l i c a t i o n L o g i c ( P A L ) . T h i s s o f t w a r e s y n c h r o n i z e s a l l t h e c o n t r o l f u n c t i o n s w i t h t h e machine t o o l ' s l o g i c . PAL p r o g r a m s a r e w r i t t e n i n a programming language t h a t c o n s i s t s of a set of ladder diagram i n s t r u c t i o n s . With t h e s e i n s t r u c t i o n s , i t i s p o s s i b l e t o c r e a t e r u n g s of l o g i c t h a t can perform a v a r i e t y of functions such a s b a s i c r e l a y l o g i c , timer counters, and double p r e c i s i o n a r i t h m e t i c o p e r a t i o n s . I t i s a l s o p o s s i b l e t o a c c e s s d a t a t a b l e s w i t h i n
the controll e r , which contain information about the status of m a c h i n e t o o l ( a c t i v e m i s c e l l a n e o u s p r e p a r a t o r y codes, tool function codes, and spindle codes) and t o w r i t e t o some of t h e s e t a b l e s i n o r d e r t o modify their contents.
Obtaining t h e n o m i n a l p o s i t i o n i n f o r m a t i o n a n d i n j e c t i n g t h e compensating servo counts are done through these t a b l e s . The PAL program can monitor t h e i n f o r m a t i o n c o n t a i n e d i n a d a t a t a b l e a n d c o n t r o l o u t p u t s t o the machine t o o l i n r e s p o n s e t o t h i s d a t a . The operation of t h e machine r e q u i r e s the i t e r a t i v e e x e c u t i o n o f t h e PAL i n s t r u c t i o n s p e r i o d i c a l l y .
The PAL p r o g r a m c y c l e i s 20 milliseconds. PAL i n p u t s d a t a as the i n s t r u c t i o n i s b e i n g e x e c u t e d , b u t a l l t h e o u t p u t s a r e exe c u t e d a t the end of the PAL cycle. Other machine t o o l c o n t r o l l e r m a n u f a c t u r e r s a c h i e v e similar functions by d i f f e r e n t methods.
In
f e r e n t i a t e b e t w e e n t h e o l d a n d t h e new sets of servo counts. Since the e r r o r c a l c u l a t i o n takes about 10 milliseconds, t h e new set of servo counts corresponding t o a c u r r e n t p o s i t i o n is received by P A L i n t h e n e x t c y c l e .
T h e r e f o r e , t h e r e i s a maximum of 2 c y c l e s ( 4 0 m i l l i s e c o n d s ) time l a g between a n o m i n a l p o s i t i o n a n d the compensation e x e c u t
i o n c o r r e s p o n d i n g t o t h a t p o s i t i o n . The t i m i n g d i a g r a m o f t h i s o p e r a t i o n i s shown i n Figure 4. The 40 milliseconds time l a g d o e s n o t c a u s e a n y p r o b l e m i n t h e machining operation due t o t h e f a c t t h a t t h e t o o l m o t i o n i s s l o w i n comparison. For example, for a t y p i c a l 6 inches
per minute feed r a t e , the machine moves only 0.004 inches during such an interval.
The d i f f e r e n c e o f t h e s y s t e m a t i c errors between two points 0.004 i n c h e s a p a r t i s n e g l i g i b l e . Due t o t h i s limitat i o n , t h e c o m p e n s a t i o n s y s t e m w o r k s more a c c u r a t e l y a t slower feed rates. Feed rates up t o 60 i n c h e s p e r m i n u t e , h o w e v e r , will n o t s i gn i f i c a n t l y d e c r e a s e t h e accuracy of t h e system.
PERFORMANCE TESTS AND RESULTS
To t e s t t h e c a p a b i l i t y o f t h e e r r o r c o m p e n s a t i o n system, a s e r i e s o f c u t t i n g t e s t s h a v e b e e n p e r f o r m e d . These t e s t s a r e b a s e d o n t h e comp a r i s o n o f t h e d i m e n s i o n a l a n d t h e g e o m e t r i c accuracies of parts machined under similar conditi o n s w i t h a n d w i t h o u t e r r o r c o m p e n s a t i o n .
T h e m a c h i n e r e q u i r e s a b o u t 8 t o 1 0 h o u r s t o r e a c h t h e r m a l e q u i l i b r i u m f r o m a c o l d s t a r t . I t i s i m p o r t a n t f o r t h e system t o be a b l e t o r e s p o n d t o such a t h e r m a l t r a n s i t i o n c o n d i t i o n .
A b a t c h o f p a r t s i s machined without error compensation over t h i s thermal t r a n s i t i o n p e r i o d with a waiting time b e t w e e n e a c h p a r t .
While t h e machine i s n o t c u t t i n g , it continues running to warm up. Another b a t c h of p a r t s i s machined, from a c o l d s t a r t , under the same conditions w i t h e r r o r c o m p e n s a t i o n applied.
I n these e x p e r i m e n t s , c u t t i n g i s c a r r i e d o u t by t u r n i n g a n d f a c i n g two types of workpieces.
The first type is turning of a cylinder 1-518 i n c h i n diameter and 8 inches long. T h i s piece is used t o check t h e accuracy on t h e diameter, t h e t a p e r , and t h e s t r a i g h t n e s s o f t h e c y l i n d r i c a l p r o f i l e . The second type, which is used t o check the squareness a n d t h e l e n g t h a c c u r a c y , i s a 4-inch diameter, 3.5-inch long cylinder which is faced.
AIS1 1018 m i l d steel is s e l e c t e d a s t h e workpiece material f o r its good machinability and low t h e rmal c o e f f i c i e n t o f e x p a n s i o n .
To minimize t h e s t a t i c c u t t i n g f o r c e a n d t o o b t a i n t h e best poss i b l e f i n i s h , t h e c o m b i n a t i o n o f 1100 f e e t per minute surface speed, 0.0025 i n c h p e r r e v o l u t i o n feed rate, and 0.005 inch depth of cut is selected as t h e c u t t i n g c o n d i t i o n s .
A 1 5 -d e g r e e p o s i t i v e rake t o o l h o l d e r w i t h 80-degree diamond shaped t i t a n i u m n i t r i d e ( T i N ) c o a t e d i n s e r t i s u s e d i n t h e t e s t s .
The measurements of t h e m a c h i n e d p a r t s were carried out on a coordinate measuring machine with a measurement u n c e r t a i n i t y o f 60 microinches. The r e s u l t s of these measurements are summarized in Tables 1 through 4 . In these t a b l e s t h e d a t a i s g i v e n i n t h e temporal order in which t h e p a r t s a r e A l t e r n a t e l y , e r r o r c o m p e n s a t i o n f o r t a p e r s is n o t as e s s e n t i a l o n c e s t e a d y -s t a t e t e m p e r a t u r e i s reached as i t i s for dimensional a c c u r a c y .
F i g u r e 5 s h o w s t h e c o m p a r i s o n o f c y l i n d r i c a l p r o f i l e s t r a i g h t n e s s of two p a r t s machined under similar conditions w i t h and without e r r o r c o m p e n s a t i o n .
The s i g n i f i c a n t i n c r e a s e i n g e o m e t r i c a n d d i m e n s i o n a l a c c u r a c i e s o f t h e m a c h i n e d p a r t s d e m o n s t r a t e s t h a t t h e real-time e r r o r c o m p e n s a t i o n a p p r o a c h i s a c h i e v a b l e a n d r e s u l t s i n a n i n c r e a s e i n p r e c i s i o n of t h e machined p a r t of up t o 20 times i n l e n g t h a n d up t o 15 times in diameter.
CONCLUSION
Based on previously established r e l a t i o n s h i p s f o r g e o m e t r i c a n d t h e r m a l l y -i n d u c e d e r r o r s o f t h e m a c h i n e t o o l , a real-time compensation system has been developed.
Two main components of the system are an inexpensive single-board microcomputer and modular and e a s i l y m a i n t a i n a b l e s o f t w a r e w r i t t e n i n a h i g h l e v e l l a n g u a g e .
The performance t e s t s carried o u t u n d e r t h e t r a n s i e n t thermal conditions s h o w e d s i g n i f i c a n t g e o m e t r i c a n d d i m e n s i o n a l accuracy improvements of up t o 20 times o v e r t h e parts machined without error compensation.
While attaining high accuracy a t a low c o s t , t h e system a l s o e l i m i n a t e d t h e machine warm-up periods which a r e common p r a c t i c e i n a t y p i c a l m a c h i n e s h o p environment for precision parts, thereby improving equipment utilization. 
